Regional three-dimensional groundwater-flow and saltwater transport models were built to analyse saltwater intrusion in the Great Maputo area, southern Mozambique. Increased water demand has led to many private groundwater abstractions, as the local public water supply network has already reached maximum capacity. Pushing for new strategies to tackle the water-supply shortages exposes the aquifer system to saltwater intrusion from entrapped fossil saline groundwater and seawater. Previous attempts at modelling have been frustrated by data limitations. This study compiled all the available data to build the models, which were subsequently calibrated with observed heads, discharges and salt concentrations. The transport models were used to test hypotheses of potential sources of saltwater resulting in the current salinity distribution. Furthermore, scenarios were simulated to assess the impacts of sea-level rise and projected groundwater abstractions. Results show that saline groundwater is widely distributed in the aquifer's western sector, where it is a limiting factor for groundwater development, and seawater intrusion is a risk along the coastline. Newly constructed wells (46) along the Infulene River can be operated with some impacts of saltwater upconing and must be closely monitored. Although current groundwater abstractions (60,340 m 3 /day) are still small compared with groundwater recharge (980,823 m 3 /day), larger volumes of abstraction are feasible only when using a high number of production wells further away from the city with relatively low yields to avoid saltwater upconing. Capture of fresh groundwater upstream of discharge areas by wells for water supply is possible while maintaining groundwater discharges for groundwater dependent ecosystems.
Introduction
Coastal groundwater resources are often the main freshwater source for densely populated areas, and at the same time vulnerable to climatic variations and anthropogenic pressures (e.g. Nelson 2013; Unsal et al. 2014; Michael et al. 2017; Post and Werner 2017) . Projected demographic changes, population growth and economic development in coastal areas will lead to an increasing pressure on water resources, predicted to be further aggravated by climatic changes (e.g. Nicholls and Cazenave 2010; Bettencourt et al. 2012; Trung and Tri 2014) . As a consequence, several threats can be triggered such as salinization of aquifer systems, increased pollution of the surface/subsurface water resources and impacts on the dependent ecosystems (Unsal et al. 2014; Post and Werner 2017) . These negative impacts can be attributed to an increase in the water consuming activities and uncontrolled and unregulated groundwater abstractions, among others (Shah et al. 2000; Ferguson and Gleeson 2012; Alfaro et al. 2017) . Salinization is largely caused by the dissolution of salt deposits (mainly halite), mixing with trapped seawater or recent seawater intrusion (Barlow and Reichard 2010; Tran et al. 2012; Badaruddin et al. 2017) .
The Great Maputo coastal aquifer, located in a semi-arid developing region in southern Mozambique, is an example where groundwater is under pressure by economic development (World Bank 2017). Studies have been carried out to characterize the groundwater chemistry by Nogueira (2017) and Nogueira et al. (2019) and to assess climate impacts on the groundwater resources by Andreetta (2018) . Nogueira (2017) showed that the fossil saltwater entrapped within geological formations in the northern and western part of the aquifer is the most probable source of saline groundwater, but this hypothesis has not been assessed through numerical modelling. Several studies applied numerical saltwater transport models for the simulation of saltwater intrusion and assessment of climatic and human impacts, including those presented for the Pioneer Valley in Australia (Werner and Gallagher 2006) , for the coastal area in the Danish-German border adjacent to the Wadden Sea (Meyer et al. 2019) , for the Neogene aquifer in Flanders, Belgium (Coetsiers et al. 2004 ), for Kiribati (Lal and Datta 2019) and Kish ) Islands in the Pacific, and for Paleo-modelling of coastal saltwater, the Netherlands (Delsman et al. 2014) . Variable density groundwater flow modelling can be used to assess the current state of the freshwater/saltwater distributions and to predict effects of future management decisions (Oude Essink et al. 2010) .
For the Great Maputo aquifer, no groundwater flow or saltwater transport models have previously been developed. This study aims to develop such numerical tools to: (1) analyse the current saline groundwater distribution originating from different hypotheses of saltwater sources and (2) assess the potential of groundwater resources development under saltwater intrusion threats. For this purpose, groundwater flow and saltwater transport models were constructed and calibrated with groundwater level, stream discharges and salinity measurements. The study used groundwater flow and saltwater transport models to test hypotheses of saltwater sources and simulated current saltwater distributions in the Great Maputo area. The models were used for scenario analysis to assess impacts of saltwater intrusion under sea-level rise and future groundwater development. The results from model scenario analysis are very useful for sustainable development of groundwater resources in the area. The research enriches case study experiences of saltwater intrusion in coastal aquifers in the world.
Materials and methods

Study area
The Great Maputo coastal aquifer system is located in southern Mozambique and underlies an area of approximately 5,900 km 2 including the most populated cities of the country: Maputo, Matola, Xinavane and Manhica (Fig. 1) . The area is bounded to the east and south by the Indian Ocean, to the west by Libombos ridge and to the north by Incomati River. The population of the area was about 2.4 million inhabitants in 2016 (INE 2010) . Population growth comes with a metropolitan expansion that current water supply and sanitation services are unable to follow. Both surface and groundwater resources are used to meet water demand. At the peak of the recent 3-year drought period the water supply had to be reduced by 40% of the regular capacity as a management strategy to face this situation (Mumbere 2018) . Additionally, salinization inland is already a problem affecting the amount of available freshwater and the potential for exploitation. Uncertainty persists with regard to the origin of brackish and saline groundwater and surface water observed in the western and northern area, although mixing with fossil saltwater entrapped within geological formations appears to be the most plausible cause (Nogueira 2017) . With the construction of 46 new groundwater abstraction wells by the Maputo Water Utility (FIPAG), the potential salinization risk rises due to the limited understanding of the system.
The topography of the area is mostly flat with elevations varying from 0 to 125 m relative to mean sea level (msl). The climate of the area is tropical savannah, characterized by wet and dry seasons, high temperature, medium rainfall and mild winters. Most of the rainfall occurs over the period from November to March with an average annual rainfall of about 600 mm. The highest and lowest temperatures in the area are recorded during January and July, respectively, with average values around 27°C (January) and 17°C (July). High values of potential evapotranspiration predominate over the entire year exceeding the average precipitation ( Fig. 2) . Several perennial and ephemeral rivers and streams originate from the area. The Incomati River being the largest river, is a transboundary perennial river shared by South Africa, Swaziland and Mozambique defined as river in the model to simulate water exchange between the river and groundwater. Ephemeral rivers and streams within the region such as Movene, Chambadejovo, Matola, Infulene, Cuenga and Chulavacane are considered as drains (see Fig. 1 ) to simulate seasonal groundwater discharges.
Two main aquifers can be distinguished, namely an unconfined aquifer built up of Quaternary fine-to-medium (recent and old) dune sands and a lower semi-confined aquifer consisting of fine-to-coarse sands partly cemented and rich in calcium carbonate, of Pleistocene age. Thicknesses range from 0 to 50 m and 50 to 60 m, respectively. These two aquifers are separated by a clayey/silty aquitard (Ferro and Bouman 1987; Vicente et al. 2006; Chairuca et al. 2016) , the presence and thickness of which is not uniform. All these units are underlain by a clayey/silty aquitard and by shallow marine deposits from the Tertiary. The semi-confined aquifer is primarily exploited for water supply for the metropolitan areas of the region. In the western sector the exploitation is limited by the observed high salinities in different locations of the aquifer (Nogueira 2017) .
About 1,238 groundwater abstraction wells are distributed around Maputo and Matola cities, with much smaller numbers of wells in the rest of the area. The total abstraction rate is estimated to be 22 Mm 3 /year. These abstraction wells are operated by private water providers for the water supply in the peri-urban areas, whereby about 75% of wells have abstraction rates below 300 m 3 /day.
Modelling framework
The objectives of the modelling studies were to test hypotheses of saltwater sources, to simulate impacts of saltwater intrusion under natural and pumping conditions, and to assess future groundwater development potentials. Since the main limiting factor for groundwater development is the risk of saltwater intrusion, coupled density dependent groundwater flow and saltwater transport models were used. The chloride concentration is usually used as an indicator for saltwater transport modelling since chloride is a conservative constitute and easier to measure. However, measurements of chloride concentrations are only available in some observation wells in recent years and in Fig. 1 Map of the study area indicating the model boundaries, and the locations of piezometers, abstraction wells, gauging stations and vertical electrical soundings; also shown are the drains and rivers defined in the models abstraction wells in 2017. A large amount of groundwater abstraction started in 1968 and may have triggered saltwater intrusion. The chloride transport model needs to be run from 1968 to 2017 to simulate possible impacts. Initial condition of chloride concentrations in 1968 must be specified. There were no chloride measurements in 1968 and the chloride concentrations had to be created with a chloride evolution model. The chloride evolution model was run over 100 years from 1869 to 1968 from the assumed saltwater sources until an equilibrium chloride distribution was reached. Therefore, a step-by-step modelling approach was adopted in this study. First, a steady-state groundwater flow model was constructed with computed average net recharge and discharge over a period of 6 years (2011) (2012) (2013) (2014) (2015) (2016) (2017) , and calibrated with measured hydraulic heads and measurements of discharge (point measurements in 2018) for which data were available. Second, a chloride transport model was constructed to simulate saline groundwater evolution in the last 100 years, from 1869 to 1968, under different hypotheses of saltwater origin under natural conditions. The steady-state natural groundwater flow condition was assumed for the simulation period. The chloride evolution model created the initial conditions for a subsequent 50-year transport model from 1968 to 2017 under pumping conditions. The computed Cl concentrations were compared with measurements of recent years. Third, scenarios analysis models were constructed to assess groundwater development in relation to saltwater intrusion impacts. The groundwater flow model was constructed using the three-dimensional (3D), block-centred, finite-difference code MODFLOW-2005 (Harbaugh et al. 2005 . The Cl transport model was constructed using the variable-density groundwater flow code SEAWAT (Langevin et al. 2008) . The model preparation and result visualization were done with a graphic modelling environment Processing Modflow (PM8; Chiang 2005) . The SEAWAT code was chosen to simulate saltwater transport since it acts as a postprocessor for MODFLOW. Furthermore, SEAWAT is capable of simulating density-dependent flow and saltwater transport and is widely applied (Rojas and Dassargues 2007; Jaworska-Szulc 2009; Bakker and Schaars 2010; Alfaro et al. 2017; Rödiger et al. 2017; Sahoo and Jha 2017; Meyer et al. 2019) . Additionally, MODFLOW and SEAWAT are both public domain computer programs, distributed freely by the US Geological Survey (Harbaugh et al. 2005; Langevin et al. 2008 ). The groundwater flow model was calibrated first with trial-and-error and then using automated parameter estimation with PEST (Doherty 2016) for groundwater heads and discharge measurements. A sensitivity analysis was carried out with PEST to identify most sensitive parameters and measurements. The Cl transport model took into account advection and dispersion as transport processes considering density variations in relation to Cl concentration changes (see section 'Model parameters'). This relation is defined by Eq. (1) where DRHODC is the slope of the linear equation of state that relates fluid density change (∂ρ, in kg/m 3 ) to solute concentration change (∂C, in mg/L; Langevin et al. 2008) . The calibration of the saltwater transport model was carried out manually by testing hypotheses of salinity sources distributed in the area and comparing against observed Cl concentrations in recent years.
Conceptual model
The aquifer system was conceptualized into four hydrogeological layers ( Fig. 3 ) by Nogueira (2017) based on a previous study (Hydroconseil and We-Consult 2011) and additional hydrochemical information. The top layer constitutes a regional phreatic aquifer consisting of young sand dunes east of Incomati River, clay-rich alluvial deposits in the Incomati Valley, and old sand dunes in between Incomati and Matola rivers (for location see Fig. 1 ) A regional aquitard built up of clay and silt separates the phreatic aquifer from the lower semi-confined aquifer. A semi-confined aquifer is found below the silt/clay layer, consisting of fine-to-coarse sands rich in calcium carbonate, also bordered at the bottom by an aquitard of clays and silts. The intermediate aquitard is not found everywhere in the area; where it is absent a single thick unconfined aquifer is formed (Ferro and Bouman 1987; Hydroconseil and We-Consult 2011; Nogueira 2017) . Groundwater at the bottom aquitard (everywhere) and intermediate aquitard (mostly in the west and near the coast) was found to be brackish (chloride concentration between 300 and 10,000 mg/L) to saline (chloride concentration higher than 10,000 mg/L) (Stuyfzand 1986) , providing a source of saltwater that needs to be included in the saltwater transport model. Groundwater recharge is formed mainly by direct infiltration of precipitation in sandy areas. Leakage from the Incomati River in the north-western area may also take place. Natural groundwater discharge occurs through evapotranspiration and discharge to streams, rivers and the sea. Groundwater abstraction also takes place albeit at relatively low rates. The presence of saline groundwater has been observed in the northern area, the area west of Matola River (see Fig. 1 ), and along the coastline. The hypotheses of saltwater sources include entrapped fossil saltwater in the first aquitard in these areas, saline groundwater at the bottom aquitard, and seawater (Nogueira 2017 ). These hypotheses were tested during the transport model calibration.
Model construction
Model domain and boundary conditions
The modelled area was discretized into a regular model grid of 224 rows and 248 columns resulting in cells with dimensions of 500 m × 500 m. The four model layers were used to represent the top phreatic aquifer, the first aquitard, the semiconfined aquifer and the bottom aquitard. The layer thicknesses were obtained by interpreting scatter point data from 97 vertical electrical soundings and 1,131 geological boreholes using the Kriging interpolation method. The elevation of the top of the phreatic aquifer was obtained through 30m DEM data. The constructed model should be regarded as the regional groundwater flow and transport model which is adequate to simulate regional flow and transport patterns, but may not be sufficient to describe freshwater/saltwater transition zone accurately.
The model boundaries can be found in the Fig. 1 . The north boundary follows the Incomati River and was simulated as a head-dependent flow boundary using the MODFLOW River package in the first model layer, while the remaining model layers were defined as no-flow boundaries. The east and south boundaries follow the coastline, which was simulated as a head-dependent flow boundary in the first model layer using the MODFLOW GHB package, and as a constant head boundary in the remaining layers. The western border of all model layers was defined as a no-flow boundary following the surface-water divide to the west and no inflow at the neighbouring hard rock formations.
Hydrological stresses
The hydrological stresses include precipitation recharge, interactions with the Incomati River, discharge to streams, and groundwater abstraction. Groundwater recharge from precipitation infiltration was computed with a daily soil-water balance model using a spreadsheet model. Since the soil-water balance model includes interception and evapotranspiration, the computed recharge value can be considered as net groundwater recharge. In total, 12 recharge zones were delineated based on topography, soil types, and land use (Fig. 4) . The computed annual recharge rates vary from 16 to 17 mm/year in the west area, to 60-100 mm/year in the sand dunes, and about 50 mm/year in the river valleys (Nogueira 2017) .
The Incomati River flows from the north to the south cross the model area. Measurements indicate that groundwater discharges to the river in this section. The River package in MODFLOW was used to simulate groundwater discharge to, and possible recharge, from the river. There are a number of smaller streams that receive groundwater discharge, for which the MODFLOW Drain package was used. A field campaign was carried out in the beginning of the rainy season of 2017/2018 to determine surface water discharges (Table 1) .
These discharge values were used to compare with the modelcomputed discharges during the model calibration.
Locations and abstraction rates for 1,238 wells were included in the model. The well screens range in elevations from 40 to −65 m above msl. A model cell may consist of a number of wells. These abstraction wells were clustered into one model well. In the end, a total of 735 model wells abstracting a total of 22 million m 3 /year were allocated. Ferro and Bouman (1987) mention the semi-confined aquifer as a more productive aquifer when compared with the unconfined aquifer, having potential to solve water issues, therefore, abstraction wells were entered into the third model layer (semi-confined aquifer) representing the total abstraction rate in the region. The abstractions were simulated using the MODFLOW Well package.
Model parameters
According to geology and borehole data, six parameter zones were delineated (Fig. 5) for the two aquifers. The initial hydraulic conductivity values were estimated from a limited number of pumping tests and empirical values of lithology. The vertical hydraulic conductivities were assumed to be 10% of the horizontal values, as usually defined for porous medium. The two aquitards were simulated as homogeneous units with estimated horizontal and vertical hydraulic conductivities based on empirical values of lithology. These parameter values were adjusted during the model calibration and optimized by PEST (lower limit was taken as half and upper limit as twice of the initial values). Results on horizontal hydraulic conductivities are presented in Table 2 .
Saltwater sources
A number of saltwater sources were taken into consideration for the saltwater evolution model. The hypotheses presented by Nogueira (2017) regarding entrapped fossil saline water in aquitard formations were tested and combined to the known natural saltwater sources:
1. Hypotheses of potential fossil saline waters entrapped in different units at various locations: where d is the distance in km from the sea. The chloride concentration in the recharge water was approximated by dividing the recharge/precipitation ratio in order to account for changes in concentration due to evapotranspiration. In order to convert EC values to chloride concentrations, regression analysis was used with groundwater samples from Nogueira (2017) . The regression equations are as follows:
For 1500 < EC < 2500; Cl ¼ 0:2142 EC−76:5
For EC≥ 2500; Cl ¼ 0:3887 EC−561:3 ð5Þ
Model calibration and sensitivity analysis
The steady-state groundwater flow model was constructed and calibrated using automated parameter estimation with PEST ( 
Formulation of scenarios
The calibrated numerical models were applied to simulate three scenarios compared against a benchmark model. These scenario simulations were run for 50 years from 2017 until 2066 in consideration of the long time required for saltwater transport to reach an equilibrium state. The groundwater flow model was kept at steady state while the Cl transport model was run with a constant transport step of 30 days. The computed Cl concentrations at the end of every year were used for comparison.
Benchmark situation
Normal hydrological conditions and current abstractions were used in the simulation models. The Cl transport model was run from 2017 to 2066 to simulate saline groundwater head and salinity distributions in the next 50 years. These model results provide benchmarks to compare the scenario model results.
Scenario 1: planned new abstractions
Maputo Water Utility has constructed 46 new abstraction wells to cover the water supply needs in the main cities and peri-urban areas. These new abstraction wells are mostly concentrated in four groups along the Infulene River (see location in Fig. 1) with screens in the semi-confined aquifer. The initial abstraction from these new wells is planned to be 12.6 Mm 3 /year. The total abstraction rate will increase to 34.6 Mm 3 /year. Apart from the 1 2 3 4 5 6 L o n g i t u d i n a l T r a n s v e r s a lh o r i z o n t a l T r a n s v e r s a lv e r t i c a l abstraction change, normal hydrological conditions were used in this scenario model as in the benchmark model.
Scenario 2: sea-level rise
According to Serdeczny et al. (2017) , sea-level rise is not uniform across Sub-Saharan Africa. On their projection, specifically for the Maputo Region, a sea level rise of 0.4-1.15 m is expected with an average of 0.75 m by the end of the century. This projected sea level rise presents a potential risk of seawater intrusion in the coastal zone. In considering uncertainties in predicting level rise (Schubert et al. 2006; Rahmstorf 2007 ), a linear increase of sea level from 0 to 1.0 m was applied to the coastline model boundaries (both in GHB and constant head) to simulate any possible impact.
Scenario 3: projected water demand increase
Currently approximately 2.4 million people live in the Great Maputo area and the projected population growth is expected to reach 5 million by 2068 (INE 2012) . Various options are being considered to meet the future increase in demand, among which is increasing groundwater abstraction. This option requires an extra abstraction of 85,000 m 3 /day by 2068 to cover the projected water demands, if no other alternative sources are found. The total abstraction rate will increase to 64.8 Mm 3 /year. The impact of this scenario was evaluated with the models using the existing abstraction wells and considering unchanging climatic and hydrological conditions. In order to implement this scenario, the abstraction rates from the planned 46 new wells and 368 existing wells were increased by 30%. These 368 existing wells were selected according to the following criteria: (1) the wells are located outside of the heavily abstracted urban area;
(2) their current abstraction rates are less than 250 m 3 /day and there are possibilities for increase; (3) the selected wells are scattered spatially to avoid saltwater upconing.
Results
Model calibration
Groundwater flow model
The steady-state groundwater flow model was calibrated by trial-and-error in the beginning and subsequently optimized with PEST. Groundwater recharge rates, river and drain conductance, and hydraulic conductivity were subject to changes in order to achieve the best fit of calculated and observed groundwater heads. The scatter plot of calculated groundwater heads against observed heads, as well as the statistics of the model calibration are shown in Fig. 6 . For both phreatic and semi-confined aquifers, calculated groundwater heads follow the trend of observed heads with a high correlation coefficient (0.9). Although the root mean squared error (RMSE) is relatively large, it is only 9% of the total variation of groundwater heads in the area. Therefore, the calibrated groundwater flow model was considered acceptable to analyse groundwater flow and water balances, and further construct the Cl transport model. The calibrated recharge values in Fig. 7 represent an average of 8.4% of the annual precipitation for the whole modelled area, significantly lower than the previously computed average recharge of 15% by Nogueira (2017) . These higher recharge values, when applied to the groundwater model, resulted in higher hydraulic heads and stream discharges than measured in the current study, and therefore had to be lowered. The computed stream discharges were also compared with measured discharges. The computed discharges match measured discharges well in most measured locations (i.e. Infulene, Chulavacane, Movene, Cuenga). Nevertheless, large disagreements were found in some locations (i.e. Matola and one unnamed small stream). These aspects will be further addressed in the discussion.
Contour maps of the computed groundwater heads are shown in Fig. 8 for the phreatic (Fig. 8a) and semi-confined (Fig. 8b ) aquifers. Regional groundwater flow patterns are similar in phreatic and semi-confined aquifers controlled by groundwater discharges. Groundwater flow in general is from inland towards the sea, rivers and streams. Most of the groundwater is discharged to Incomati River, inland streams and the sea. Following the approach presented by De Luca et al. (2019), differences of groundwater levels between the phreatic and the semi-confined aquifers were computed and classified into three categories to determine potential recharge, discharge and horizontal flow areas. The results for the potential groundwater leakages between the phreatic aquifer and the semi-confined aquifer are shown in Fig. 9 . In most areas, groundwater flow is horizontal; downward flow occurs in the area where a large amount of groundwater abstraction takes place in the semi-confined aquifers. In the discharge areas along the rivers, streams and the coastline, groundwater in the semi-confined aquifer flows upward to the phreatic aquifer.
Sensitivity analysis
The composite scaled sensitivity (CSS) summarizes all the sensitivities for one parameter (Hill and Tiedeman 2007) . CSS can be used to compare the amount of information provided by different types of parameters. Model simulation results are more sensitive to parameters with larger CSS values. The computed CSS with PEST is presented in Fig. 10 . It can be seen that the recharge in zone 2 (rch_2) was identified as the most sensitive parameter. It was already shown in Fig. 7 that the recharge value of zone 2 obtained through model calibration was significantly lower than that previously considered values. Parameter sensitivity was also high for recharge in zone 4 (rch_4) and horizontal conductivities of layers 3 and 1 (hk_34 and hk_14, respectively), with considerably large CSS values, followed by several of the other recharge zone values. The model results were least sensitive to the river and drain conductance, with exception of drain 151, which corresponds to Matola River-see Fig. S1 in the electronic supplementary material (ESM).
Saline groundwater model
The Cl transport model was manually adjusted by changing saltwater sources and transport parameters in order to match measured Cl concentrations in 2017. Since there are no continuous measurements of Cl concentration from monitoring wells, only sporadic measurements were used to check computed and measured values in 2017. Figure 11 compares computed and measured Cl concentrations in 2017. Although the Cl transport model is able to compute values in the observed range, the lack of long-term Cl concentration measurements does not allow a full calibration of the saline groundwater flow model. Furthermore, there are only a few measurements in the brackish/saline water zones. The installation of 15 CTD Divers (automatic data loggers for electrical conductivity, temperature and pressure) in 2017 provides data for better model calibration in the future; however, it is clear that the number of monitoring sites is still low for such a large area.
The spatial distribution of Cl concentrations in the phreatic and semi-confined aquifers are plotted in 2017. Cl concentrations are much higher in the semi-confined aquifer and the most saline groundwater is found west of the Matola River and in the northernmost sector. The upconing of saline water from the bottom layer to the semi-confined aquifer around the main abstraction area of the cities is also visible. The presence of saline groundwater in the phreatic aquifer in the western Matola River and northern area is also the result of saltwater flow from the underlying aquitard and semi-confined aquifer (see Fig. 9 ). 
Water budget
The yearly average water budget for the entire aquifer system is presented in Table 3 . Because of the density-driven flow, the SEAWAT transport model computed a groundwater balance slightly different from the MODFLOW model. The computed water budget shows that net recharge from precipitation is the major inflow and accounts for 97% of the total recharge. Groundwater discharges are spread, to discharge to streams (44%), discharge to the Incomati River (29%), and into the sea (21%). Groundwater abstraction is relatively low and accounts for only 6% of the total discharge; additionally, seawater 
Simulation of scenarios
The scenarios were simulated with calibrated groundwater flow and Cl transport models. The computed Cl concentrations in 2017 were used as initial concentrations. The scenario models were run for 50 years. The hydrological stresses were assumed as for normal hydrological years. Changes of water budget components were compared with the benchmark model and breakthrough curves of Cl concentration at key locations were checked for saltwater intrusion impacts (Fig. 12) . The water budget changes under different scenarios are presented in Table 4 . The threshold Cl concentration is taken as 250 mg Cl per L following the guideline for drinking-water standard of the World Health Organization (WHO 2003) .
Scenario 1: planned new abstractions
The newly installed pumping wells along the Infulene River (for location see Fig. 13a ) were added in the model. The direct impacts are the reduction of groundwater discharge to the Infulene River by roughly 56% (Table 4) . A cone of depression is formed around the well field in the semi-confined aquifer with a maximum depth up to 20 m. The phreatic aquifer in the cone of the depression becomes dry. The Cl break-through curves at new well locations show an increase in salinity due to saltwater upconing, with the highest concentrations observed towards the south (Fig. 13b) , although still below the drinking water standard of the WHO (2003) after 50 years (250 mg/L). Saltwater upconing occurs at the bottom of the new well locations although the model layers might not be sufficient to compute accurately. Fig. 11 Scatter plot of calculated against observed Cl concentrations for the phreatic aquifer (PH, yellow squares) and semi-confined aquifer (SC, blue diamonds); also shown are the statistics of model calibration Therefore, it might be feasible to operate these new production wells; however, careful monitoring of salinity increase is required to safeguard water supply.
Scenario 2: mean sea-level increase
Under a sea level rise of 1.0 m, water budget components change slightly, mostly with regard to flow from and towards the sea (Table 4 ). Chloride concentrations increase along the coastlines mostly within 1 km inland after 50 years. The sensitive coastal areas for seawater intrusion are located along the Maputo Bay and the Incomati estuary. The coastal area along the Maputo City is much higher than the sea level and is less sensitive to the seawater intrusion.
Scenario 3: projected water demand increase
The large increase of abstractions has very large impacts on groundwater budget and Cl concentrations. Comparing to the benchmark model, groundwater levels in the semi-confined aquifer declines 5-40 m in the urban areas after 50 years (Fig. 14) . Groundwater discharges to streams, river and the sea are largely reduced (Table 4 ). Discharge to the sea is largely reduced resulting in increasing seawater intrusion along the coast. Chloride concentrations in many areas increase beyond the drinking water standard (Fig. 13b) . 
Discussion
Model limitations and uncertainty
Model structure and discretization Sources of uncertainties in groundwater modelling originate from conceptualization of aquifer systems, definition of boundary conditions, parameterization of hydrogeological parameters, and estimation of recharge and discharges (Hill and Tiedeman 2005; Wu and Zeng 2013) . The accuracy of the numerical model further depends on numerical model discretization and solution schemes. The conceptualization of the Great Maputo aquifer system into a top phreatic aquifer and lower semi-confined aquifer separated by an aquitard reflects current consensus on regional hydrogeological conditions and supporting data. A bottom aquitard is included in the model since it is a major saltwater source which poses a risk of saltwater upconing into wells in the semi-confined aquifer. The boundary conditions can be clearly identified. Major uncertainties arise from estimation of hydrogeological parameters and recharge and discharges.
The numerical model consists of four model layers, corresponding to two aquifers and two aquitards, and has a uniform cell size of 500 × 500 m. The model grid might be sufficient to simulate regional groundwater flow and saltwater migrating in aquifers; however, the model grid may be inadequate to simulate freshwater/saltwater transition zones and saltwater upconing. The grid cell size should be reduced and model layers should be increased to simulate these critical zones more accurately.
Model calibration
The groundwater flow model is reasonably calibrated based on limited measurement data. The flow model reproduced groundwater head contours in agreement with the observed levels and flow directions, and it also computed stream discharges in accordance with the field-estimated values. Better estimation of recharge and long-term measurement of stream discharges and groundwater levels can significantly improve model calibration and reliability.
On the transport model results, the observed overall trend of the saltwater concentration is properly reproduced with some exceptions, despite the several tests made-for instance, PZ09-3 located in the north of the study area presented higher calculated values which might be attributed to high concentrations seeping into this location with origins in the semi-permeable unit; and PZ15-3 presents lower calculated values that can be associated with the strong drainage effect that Matola River has on this layer. The largest discrepancies, however, were found in PZ17-1, PZ14-3, and PZ-02 for both aquifers. For PZ14-3, the large discrepancy can be a product of the combination of the large concentrations leaving the aquifer through the Matola River with the contribution of a low-estimated initial concentration on either the semi-confined aquifer or the semi-permeable unit. For PZ17-1, a couple of factors can be mentioned: concentrations leaving via the large drainage effect of the Cuenga River, and the accumulation of concentrations due to evapotranspiration in the wetland area, for which the model does not account for.
Similar results were presented by Rojas and Dassargues (2007) for the Pampa del Tamarugal aquifer, in Chile where uncertainty regarding the actual extent of evaporation lead to model overestimations. However, for PZ-02 in both aquifers, the model, which did not capture the observed concentrations, thereby underestimated the phreatic and overestimated the semi-confined aquifer. This might be attributed to large concentrations being accumulated due to evapotranspiration linked to tidal fluctuations substantially increasing these concentrations. Nevertheless, when compared to PZ-04 and PZ-18, being the closest to this particular location, both piezometers present an acceptable calculated-to-observed agreement, indicating potential inconsistencies in the model structure due to the coarseness of the defined model grid and vertical discretization, local formation complexities and transient effects not accounted for. Werner et al. (2013) presents a very good review where these processes, such as transient level variability, sea-level fluctuations, heterogeneous or local complexities, typically constrain seawater intrusion models over regional scales. In spite of this, the overall results need to be treated as an approximation to the actual situation rather than specific concentrations as mentioned by Klager et al. (2014) .
Water budget of the Great Maputo aquifer system
Recharge Recharge from precipitation dominates groundwater recharge in the Great Maputo aquifer. No field experiments have been conducted to determine actual recharge values taking into account evapotranspiration. This modelling study suggests that net groundwater recharge is relatively small in comparison to the amount of annual precipitation (3-15%). However, given the large sensitivity of the recharge term, high uncertainty is associated with these results. Sanford (2002) mentions that considerable uncertainty exists in the current assessment of recharge rates due to spatial and temporal varying landsurface processes and climate. The uncertainty in recharge estimates in this study can be attributed, for instance, to very high evapotranspiration rates resulting from a dry and hot climate and high density of vegetation cover in the area. Thick bushes and patches of trees may intercept large proportions of rainfall and transpire large amount of soil water and groundwater. This is also seen in the hydrochemistry of phreatic groundwater (Nogueira 2017 ) and in the more detailed rainfall-recharge analysis performed in the study area by Andreetta (2018). The sandy phreatic aquifer becomes dry in dry seasons and especially during the dry years and drought periods; however, temporal variations of recharge rates cannot be captured by the current model since flow transient effects were not simulated. From a water-resources-management point of view, land use changes are necessary to reduce the density of vegetation and convert broadleaf trees to desert grasses in order to increase groundwater recharge which can become an important water source to overcome water supply shortages in the area; an important topic for further research.
Discharge to streams
Significant groundwater discharge to streams occurs in sand dune areas. Groundwater dependent ecosystems are formed along these streams. Since the water table is very shallow in these discharge areas, groundwater can be more brackish due to high evapotranspiration under the semi-arid climate (Alfaro et al. 2017) . Fresh groundwater can be abstracted for water supply upstream of discharge areas, while still maintaining groundwater dependent ecosystems. The review of Griebler and Avramov (2015) , puts emphasis to the management of these groundwaterdependant ecosystems; however, proper evaluation of groundwater-ecosystem interactions, fluxes and processes is still lacking in this region, which is another interesting topic for future research. Systematic measurements of stream discharges with constructed gauge stations is a first important step. These measurements are useful to infer groundwater recharge and for reliable calibration of groundwater models. 
Management of groundwater abstraction
Saline groundwater is widely distributed in the area. The major source is saltwater entrapped in past periods of high sea level (Nogueira 2017) . Migrating and upconing of entrapped saltwater poses a major threat for fresh groundwater development (Post and Houben 2017; Werner et al. 2017 ). As the current groundwater abstraction is still small compared to groundwater recharge and natural discharges, there is a large potential for further groundwater development. However, due to salinity problems, concentrated groundwater abstraction with well fields is not recommended, and the impacts were shown in particular for scenario 3. Foldesi et al. (2008) and Kumar (2016) present overviews of strategies for managing groundwater resources from which a more scattered distribution and larger number of production wells with smaller yields would be a better approach in the region. Moreover, abstracting further away from the urban areas, where currently groundwater still largely discharges towards streams and the sea, is also considered a viable alternative (Werner 2010) . Currently, the operation by private water providers for peri-urban and rural water supply fits well to the hydrogeological conditions and should be promoted. Management strategies to prevent future water supply shortages and mitigate salinity impacts should consider the use of managed aquifer recharge (MAR) methods for its proven efficiency (Cassanova et al. 2016; Dillon et al. 2019) . The constructed models can be used to assess the feasibility of MAR application in the Great Maputo area.
Conclusion
Groundwater currently provides a good addition to domestic water supply in the Great Maputo area. The centralized public water supply system barely covers the urban area, with frequent interruptions. Groundwater supply provides domestic needs in peri-urban and rural areas. A large supply shortage is foreseen in the near future with rapid increase of urban populations. Groundwater can be a reliable source to meet a part of increased supplies.
Regional groundwater flow and saltwater transport models were constructed based on limited hydrogeological data and preliminary calibrations were performed in this study. The models were used to investigate potential impacts of sea level rise and increased groundwater abstractions. Current groundwater abstractions account for 6% (22 Mm 3 /year) of the total discharge; therefore, there is a lot of potential for groundwater resources development in the area. The newly constructed production wells along the Infulene River can be apparently operated for water supply with impacts on the reduction of stream discharges and saltwater upconing. Careful monitoring is thus required. The results of the scenarios analysis suggest that aquifer management strategies must be set up to prevent future water supply shortages and to mitigate potential seawater intrusion impacts. Combining managed aquifer recharge with optimization of pumping practices in which a larger number of scattered production wells are operated with small yields are recommended to avoid saltwater upconing.
The saline groundwater is widely distributed in aquifers and aquitards in the western Matola River and northern areas. The results of this model, together with the hydrochemical analyses behind it, strongly support the hypothesis regarding the existence of fossil saltwater lenses entrapped in the geological history in the Great Maputo region. Saline groundwater is a major factor limiting fresh groundwater development in these areas. Seawater intrusion is a risk only along a narrow costal belt.
Groundwater recharge constitutes a small proportion of annual precipitation in the area, whereas evapotranspiration consumes the largest fraction due to the dry and hot climate in combination with high density of vegetation. For optimal groundwater resources development and management, groundwater recharge can be increased by reducing evapotranspiration though land use changes, and groundwater upstream of discharge areas can be exploited for water supply while maintaining groundwater dependent ecosystems. These are interesting areas for future research.
The development of a transient groundwater flow model is desirable in considering the use of shallow groundwater storage in the phreatic aquifer to meet water demand during the dry seasons which can be replenished during the wet seasons. Despite uncertainties in the model inputs and calibration, the constructed regional groundwater flow and saltwater transport models provided useful information for better management of groundwater abstractions and gained insights regarding dominant hydrological processes and potential impacts of saltwater intrusion. The approach of this case study can be adopted for saltwater intrusion impact analysis in other coastal aquifers.
